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Mathematical modelingAbstract Hydration kinetics of red lentil seeds were carried out for whole, dehusked and splits at
different temperatures (15 to 45 C). Several physical properties were evaluated as function of soak-
ing temperatures. Henderson and Pabis, Page, two term exponential and Peleg models were fitted to
the obtained hydration kinetics data. To assess the adequacy of models three statistical parameters,
coefficient of multiple determinations (R2), root mean square error (RMSE) and chi-square (v2)
were employed. Peleg model (R2 > 0.990; RMSE < 0.018; v2 < 0.001) was found to be adequate
in describing the hydration behavior of red lentil seeds. Effective diffusivity of water over a temper-
ature range of (15–45 C) for whole, dehusked and splits varied from 6.890  1011 to
1.142  1010, 1.030  1010 to 1.584  1010 and 1.231  1010 to 1.927  1010 with the activa-
tion energy of 12.239, 11.145 and 10.741, respectively. Soaking temperatures pose significant effect
on water absorption capacities and all the evaluated physical properties of red lentil seeds.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Lentil is an important high protein pulse crop, botanically
classified as Lens culinaris (Adsule et al., 1989). Lentils aremost common in the regions of Middle East and Asia and
form the basis of the diet for the people living in these areas.
India, the 2nd largest producer of lentils following Canada,
accounts total production of 1.31 MMT (FAO, 2013).
Lentils contain high protein content about 25% and pro-
vide particularly the essential amino acids lysine and leucine
(Roy et al., 2010). The high protein content recommends that
it could assist in overcoming the malnutrition in undernour-
ished regions. Lentil is generally marketed as whole seed, but
the majority of red lentil is dehulled before it is processed.
Dehulling is a crucial step in processing of lentils and it has
various uses. Dehulled lentil is widely consumed in whole forment pro-
2 M. Maneesh Kumar et al.(footballs) or split form. Dehulled lentil is most commonly
consumed as soup in the Mediterranean region or as dhal - a
thick sauce in which spices are used as flavoring in South Asia.
Soaking of lentils is an important part of processing opera-
tions such as germination, cooking, fermentation and prepar-
ing a product from it. It aids in shortening of cooking time
and results in more evenly textured products. Inadequacy in
digestion is due to non-nutritional factors such as phytic acid
and tannins. In order to increase the nutrition profile of these
proteins, suitable soaking and cooking are essential (De Leone
et al., 1992).
The knowledge of physical properties of lentils is required
for the design of equipment for handling, harvesting, processing
and storing (Prasad et al., 2010). The information regarding
physical properties is not only relevant to engineers but also
to food scientists, processors, and other scientists who may
exploit these resources. The size and shape are important in
designing of separating, harvesting, sizing and grinding
machines. Size, surface area and volume are required in differ-
ent handling and processing operations and are also needed as
input parameters for the prediction of transport properties
and drying rates of grains through simulation models. In partic-
ular, the estimation of the effective diffusion coefficient of water
is affected by the geometry assumed to approximate the grain
shape (Gasto et al., 2002). Bulk density, true density and poros-
ity play a significant role in many applications such as design of
silos and storage bins. It also helps in separation of undesirable
materials, sorting and grading, and maturity evaluation
(Tavakoli et al., 2009). The angle of repose is critical in design-
ing an appropriate hopper or silo to store the material, or to size
a conveyor belt for transporting the material. The coefficient of
friction between seed and wall is an important parameter in the
prediction of seed pressure on walls (Gumble andMaina, 1990).
Several researchers determined the physical properties of
pulses and seeds such as Chick pea splits (Ghadge et al.,
2008; Johnny et al., 2015), Melon seeds and kernals
(Mansouri et al., 2015), red lentil seeds (Gharibzahedi et al.,
2011), lentil splits (Bhatia et al., 2009b), whole lentil and split
cotyledon (Bhattacharya et al., 2005) lentil (Amin et al., 2004),
paddy and rice (Bhatia et al., 2009a; Singh and Prasad, 2013 ,
2014). Hydration kinetics of various grains such as Andean
lupin (Miano et al., 2015), lentis (Oroian, 2015), sorghum
(Patero and Augusto, 2015), bean and chick pea (Shafaei
et al., 2016), navy beans (Ghafoora et al., 2013), adzuki beans
(Oliveira et al., 2013), common bean (Piergiovanni, 2011),
chick pea splits (Prasad et al., 2010), sesame seeds (Khazaei
et al., 2009) and rice was also studied (Kashaninejad et al.,
2007). However, there is general scarcity in the published data
that have been carried out on the dependency of soaking tem-
perature on the physical properties of red lentils and its desired
effects at different processed levels.
Red lentil is the source for various processed foods and is
hydrated before consumption. Thus, modeling of grain-liquid
water function is of significant value. The objective of the
present work was to study the water uptake kinetics and to
evaluate the physical properties of red lentil seeds at different
processed levels before and after soaking at various soaking
temperatures from 15 to 45 C at an interval of 10 C. The
data leading from this work would significantly assist the
engineering endeavors and will provide worthful inputs for
processing, cooking and formulating food products using red
lentil.Please cite this article in press as: Maneesh Kumar, M. et al., Evaluation of physica
cessed levels and soaking temperatures. Journal of the Saudi Society of Agricultura2. Materials and methods
2.1. Sample preparation
The lentil (Lens culinaris) variety PUSA 4076 (SHIVALIK),
employed in this research was procured from Regional
Research Station of Punjab Agricultural University, Ludhi-
ana. They were cleaned manually to remove lighter foreign
matter such as dust, dirt, chaff, immature, damage and shrink
seeds. The initial moisture content (MC) of the whole,
dehusked and split was determined using hot air oven method
(Amin et al., 2004; Bhattacharya et al., 2005). It was found to
be 8.6 ± 1.6, 10.0 ± 1.2 and 10.2 ± 1.3 (% db) for whole,
dehusked and split PUSA 4076 lentil variety, respectively.
2.2. Determination of physical properties
Some physical properties such as dimensional characteristics
(length, width and thickness), geometric mean diameter,
sphericity and surface area, and gravimetric properties (thou-
sand grain mass, bulk density, true density and porosity) were
evaluated for different fractions of red lentil seeds. Frictional
properties such as angle of repose, static coefficient of friction
against surfaces glass, steel and wood (in perpendicular and
parallel alignment) for lentil seeds were also determined. The
evaluated physical properties in the study were also determined
separately before and after soaking for different soaking tem-
peratures (15, 25, 35 and 45 C).
The physical dimensions were determined randomly mea-
suring the length, width and thickness of 100 whole, dehusked
and split using dial type vernier caliper (Mitutoyo Corpora-
tion, Japan) having least count of 0.02 mm.
The geometric mean dimension (De) of lentil was calculated
using the relationship (Eq. (1)) given by Mohsenin (1986) as
follows:
De ¼ ðLWTÞ1=3 ð1Þ
The criterion used to describe the shape of the lentil is the
sphericity. Thus, the sphericity (Sp) was accordingly computed
(Mohsenin, 1986) using Eq. (2).
Sp ¼ ðLWTÞ
1=3
L
 100 ð2Þ
The surface area, S was calculated using the following rela-
tionship (Eq. (3)) given by Karababa and Coskuner (2013)
S ¼ pBL
2
2L B ð3Þ
where B= (WT)0.5
where L is length, W is width and T is thickness
The true density was determined using liquid displacement
technique using toluene (Nazmi, 2015). The bulk density is the
ratio of the mass of a sample of a seed to its total volume. The
porosity (e) of bulk seed was computed from the values of true
density (qt) and bulk density (qb) using the relationship (Eq.
(4)) given by Mohsenin (1986):
e ¼ qt  qb
qt
 100 ð4Þ
The mass of 1000 seeds of lentil was determined by taking
100 seeds randomly and measured mass of seeds at differentl properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
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plied by 10 to give the mass of 1000 seeds. The measurements
were taken at room temperature of 26 C.
The angle of repose was determined using the relationship
(Eq. (5)) given by Bhatia et al. (2009)
u ¼ tan1 ð2HÞ
D
ð5Þ
where u is the angle of repose in degree; H is the heap on the
floor in mm and D is the diameter of the heap at its base in
mm.
The static coefficient of friction l was determined by
Ghadge et al. (2008). In Eq. (6): a signifies the angle of tilt.
tan a ¼ l ð6Þ2.3. Water absorption procedure
Water absorption test was done by taking 15 g grams of the
sample in a glass cylinder containing 75 ml of distilled water.
The fixed water to test ratio of 1:5 (w/v) was taken as suggested
by (Abd El-Hady and Habiba, 2002). The experiments were
conducted in an incubator and in the water bath at preset tem-
peratures 15, 25, 35, 45 C. The temperature of the water was
controlled automatically using a hot water bath with an accu-
racy of ±1 C. The samples were soaked for the required time
and placed on filter paper to eliminate surface moisture. These
soaked samples were weighed with a balance with 0.001 g accu-
racy to determine the moisture gain at different intervals. Tests
were replicated minimum three times in each experiment.
2.4. Mathematical modeling
Mathematical modeling of water uptake at different soaking
temperatures is important step to determine the hydration
kinetics. Water absorption kinetics of many biomaterials can
be depicted by theoretical, semi-empirical and empirical mod-
els. These models aid in interpreting and relating the hydration
behavior with the physical laws. The diffusivity of seeds is eval-
uated by using the simplified mathematical Fick’s second law.
The diffusion equation for mass transfer within several regular
shapes (an infinite plate, an infinite cylinder and a sphere) was
determined using Fick’s second law. Assuming that diffusion is
a unidirectional process in the direction perpendicular to the
product support, the diffusion equation of Fick’s is expressed
as follows:
@M
@t
¼ @
@X
Dm
@M
@X
 
ð7Þ
Comparison of water diffusivities during soaking was diffi-
cult to compare with the literature values because of variation
in composition and physical structure of food material. Several
researchers have employed different methods and models to
estimates diffusivity for various agricultural products
(Ghafoora et al., 2013; Khazaei et al., 2009; Piergiovanni, 2011).
The analytical solution of equations (7) found by (Crank,
1970) for several geometries is given in Eqs. (8) and (9).
For Spherical geometry
MR ¼ Mt Ms
M0 Ms ¼
6
p2
exp Dep
2t
R2
 
ð8ÞPlease cite this article in press as: Maneesh Kumar, M. et al., Evaluation of physica
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MR ¼ Mt Ms
M0 Ms ¼
8
p2
exp Dep
2t
L2
 
ð9Þ
whereMo is initial moisture content (% d.b),Ms is equilibrium
moisture content (% d.b), Mt is moisture content (% d.b) at
given time t, sec; De= effective moisture diffusivity (m
2/sec),
R is radius (mm), L is length (mm).
Juming et al. (1994) assumed the moisture diffusion
through the seed coat of lens shaped lentils; the moisture
absorption pattern was described by Fick’s law of diffusion
for simplified slab geometry. Several researchers (Bello
et al., 2004; Prasad et al., 2010) described the moisture diffu-
sion assuming grain in spherical shape by Ficks law of
diffusion.
Water diffusivity is the chief parameter affected by the soak-
ing temperature. Temperature may also affect the absorption
capacity by varying the diffusion rate (Kashaninejad et al.,
2007; Khazaei et al., 2009). The dependence of the diffusivity
on temperature is described by the Arrhenius equation in Eq.
(10):
De ¼ Do exp Ea
RTa
 
ð10Þ
where De = effective moisture diffusivity (m
2/sec), Do = effec-
tive moisture diffusivity constant at 273 K (min1), Ea is acti-
vation energy (KJ/mol), R is the universal gas constant
(8.314/mol K) and Ta is absolute temperature (K).
2.4.1. Empirical models
To predict the water absorption and desorption a rather mere
non-exponential two-parameter empirical equation was pro-
posed by Peleg (1988) (Eq. (11)). Some researchers used this
model to describe the water absorption behavior for various
agricultural (Khazaei et al., 2009; Johnny et al., 2015) and
other food commodities (Joshi et al., 2016).
Mt ¼Mo  tðK1 þ K2tÞ ð11Þ
where Mt is percent moisture content at time t, Mo is initial
moisture content (%), K1 is the Peleg rate constant (h%
1)
relates to sorption rate at the very beginning and K2 is the
Peleg capacity constant (%1) refers to maximum (or mini-
mum) attainable moisture content.
Various approximations and variations of the diffusion
model have been used to simulate the water absorption behavior
of food materials. Henderson and Pabis (1961) proposed a
model equation (Eq. (12)) that corresponds to the first term of
a general series solution of Fick’s second law. The slope of the
model, coefficient k, is related to effective diffusivity during
the hydration process. Kashaninejad et al. (2007) has used this
model to describe the hydration kinetics of wheat kernels and
rice.
Moisture RatioðMRÞ ¼ B expðktÞ ð12Þ
The coefficient k is signified as the effective diffusivity mea-
sured in unit’s time1 and the coefficient B depends on the
shape of the sample.
Two term exponential model was used to predict the mois-
ture migration kinetic for the red lentil seeds shown in Eq. (13).l properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
Sciences (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.004
4 M. Maneesh Kumar et al.This model was employed by Kashaninejad et al. (2007) to
model water uptake kinetics in rice.
Moisture RatioðMRÞ ¼ a expðk tÞ þ ð1 aÞ expðk a tÞ
ð13Þ
The regression coefficients a and k represent water uptake
constants.
2.5. Statistical techniques and adequacy of fit for empirical
models
Statistical analysis of the results was done with Statistica 8.0
and Microsoft EXCEL. All the experiments were conducted
at least in triplicate for each sample. In reporting the data,
the results of individual samples are expressed as the mean
± standard deviation. Various empirical models were explored
to fit the experimental data and regression analysis was carried
out by statistical software STATISTICA 8.0 for Windows
(Statsoft, Inc U.S.A.). The coefficient of correlation, R2 was
one of the primary criteria for selecting the best model. Besides
the coefficient of correlation, the goodness of fit was deter-
mined by various statistical parameters such as reduced chi-
square (v2) and root mean square error (RMSE). Reduced
chi-square (v2) is the mean square of the deviations between
experimental and predicted values for the models and was used
to determine the goodness of fit.
The RMSE gives the deviation between the predicted and
experimental and it is required to reach zero. For quality fit,
R2 value should be higher and v2 and RMSE values should
be lower (Ghafoora et al., 2013). The above parameters can
be calculated as follows:
R2 is a measure of the amount of variation around the
mean explained by model
R2 ¼ 1 SSresidual
SSmodel þ SSresidual
 
ð14Þ
Chi-Square,
v2 ¼
XN
i¼1
ðexperiment value predicted valueÞ2
ðN nÞ
" #
ð15ÞTable 1 Physical properties of red lentil (PUSA 4076) variety.
Physical propertiesa Unit Whole
Length (mm) 4.555 ± 0.
Width (mm) 4.354 ± 0.
Thickness (mm) 2.579 ± 0.
GMD (Dg) (mm) 3.712 ± 0.
Sphericity (U) (%) 81.480 ± 1
ESD (B) (mm) 3.351 ± 0.
Surface area (mm2) 37.955 ± 1
1000 grain mass (g) 28.890 ± 0
Bulk density (g/cc) 0.762 ± 0.
True density (g/cc) 1.354 ± 0.
Porosity (%) 43.691 ± 1
Angle of repose (degrees) 26.581 ± 1
COSF (WOOD\) – 0.331 ± 0.
COSF (WOOD=) – 0.321 ± 0.
COSF (STEEL) – 0.364 ± 0.
COSF (GLASS) – 0.313 ± 0.
a All readings are mean ± S.D; \, perpendicular; =, parallel; COSF –
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RMSE ¼
XN
i¼1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Experimental value predicted valueð Þ2
N
s2
4
3
5
ð16Þ
where n is the number of unknown coefficients in the given
model and N is number of data points.
3. Results and discussion
3.1. Physical properties
The physical properties evaluated for whole, dehusked and
splits of red lentil seeds are shown in (Table 1). Length was
found to be lowest for split and was 17.8% less than whole
and 20.5% less than dehusked. The width of the split is less
than 21.2% and 25.5% and thickness is less than 112.6%
and 118.3% for whole and dehusked processed levels. Spheric-
ity was found to be highest for dehusked seeds. This result is
confirmed from the result of Gharibzahedi et al. (2011). The
values in Table 1 depicted that red lentils are smaller than sev-
eral peas and pulses. Splits have low weights than whole and
dehusked lentil pulses. Table 1 indicates that about eleven len-
til splits, twenty-eight whole lentils and thirty-five dehusked
lentils make one gram. Since the time of cooking is directly
associated with the seed size, splits of red lentil, Indian variety
may be more appropriate for cooking purposes. Bulk density
determines the capacity of storage and transport systems, while
true density is useful for separation equipment. The porosity of
the seeds determines the resistance to air flow during aeration
and drying of seeds (Gharibzahedi et al., 2011). Bulk density
and true density were found to be lowest for whole seeds than
dehusked and split. This decrease is due to the presence of
husk over the grain. The values of whole red lentil varieties
for bulk density and true density were in the range of values
evaluated by Amin et al. (2004). The frictional properties such
as the angle of repose and the coefficient of static friction are
recognized by engineers as key properties concerned with
rational design of storage structures, compressibility and flow
behavior of materials (Gharibzahedi et al., 2011). TheDehusked Splits
025 4.656 ± 0.113 3.864 ± 0.208
056 4.509 ± 0.098 3.592 ± 0.081
117 2.648 ± 0.167 1.213 ± 0.087
078 3.815 ± 0.092 2.561 ± 0.093
.320 81.955 ± 2.164 66.367 ± 2.476
097 3.454 ± 0.114 2.086 ± 0.083
.825 40.196 ± 2.198 17.368 ± 1.259
.006 35.152 ± 0.004 11.550 ± 0.003
007 0.810 ± 0.011 0.806 ± 0.013
031 1.591 ± 0.043 1.462 ± 0.028
.439 49.076 ± 1.375 44.866 ± 1.238
.285 28.424 ± 0.654 25.742 ± 0.728
013 0.342 ± 0.007 0.350 ± 0.010
016 0.337 ± 0.015 0.340 ± 0.013
005 0.311 ± 0.004 0.321 ± 0.014
006 0.363 ± 0.011 0.369 ± 0.009
Coefficient of static friction.
l properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
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port of grain and storage facility. The Static friction coefficient
of various surfaces affects the maximum inclination angle of
conveyor and storage bin. Whole red lentil seed showed high-
est static friction coefficient against steel and lowest against the
glass, and dehusked and split showed highest against glass and
least against steel. The higher value of the static coefficient of
friction for these varieties might be due to low sphericity. The
Static coefficient of friction on steel for dehusked is 16.7% and
3.0% less than whole and split. The variation in the coefficient
of friction on the different surface may be due to moisture con-
tent of the surface. The presence of moisture on rubbing sur-
face may cause increase in the friction due to increase in
adhesion (Mohsenin, 1986).
3.2. Effect of temperature on physical properties
Red lentil variety PUSA 4076 at three levels of processing i.e.
whole, dehusked and split were soaked at four different tem-
peratures (15, 25, 35 and 45 C). The physical properties were
evaluated at the end of experiment i.e. saturation moisture
content was accomplished by the seeds. The moisture uptake
with time was dependent on soaking temperature. The higher
the soaking temperature, the higher was the moisture diffusion
into the grains. During the first phase, moisture absorption
was high and then gradually decreased until it attained equilib-
rium moisture content.
Some of the physical properties (length, width, thickness,
geometric mean diameter, surface area, thousand grains
mass, porosity, angle of repose, static coefficient of friction
against glass, steel, plywood in parallel and perpendicular
alignment) for whole, dehusked and split red lentil seeds
were evaluated. It has been observed that the physical prop-
erties increased with soaking temperatures (up to 35 C for
whole and dehusked; up to 25 C for splits) and then
decreased. On the other hand bulk and true density of red
lentil fractions showed the opposite trend of values with
the soaking temperature. Decrease in dimensional character-
istics may be due to erosion of surface layers as the temper-
ature induces softening of the sample. The effect of
temperature on causing softening has been reported for,Figure 1 Effect of soaking temperature on bulk and tr
Please cite this article in press as: Maneesh Kumar, M. et al., Evaluation of physica
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(Sobukola and Abayomi, 2011).
The results showed that the change in length (28.2–27.9%)
and width (23.6–23.5%) from temperatures 15 to 45 C take
place in dehusked and thickness was associated with whole
(24.3–23.77%) in comparison with the raw samples. The high-
est and lowest increase in geometric mean diameter was found
for whole and split, ranged from 20.1% to 20.0% for whole
and 11.4% to 11.3% for split as the soaking temperature
increased from 15 to 45 C. The highest gain of mass for
dehusked than whole and split may be due to less diffusion
resistance i.e. the absence of seed coat and increased insensibil-
ity toward soaking temperature.
With increase in soaking temperature i.e. 15 to 45 C,
sphericity of whole, dehusked and split decreased from
0.35% to 0.30%, 7.45% to 7.40% and 7.03% to 6.32%,
respectively. The decreased sphericity values for the three pro-
cessed levels could be attributed to changes in the dimensions
and bulging at the germ part of the sample owing to the
absorption of water. This physical process can be anticipated
as the initiation of germination at these soaking temperatures.
Bulk density and true density for red lentil whole, dehusked
and split was affected by soaking temperatures (Fig. 1). The
extent of the decrease in bulk density and true density with
associated increase in soaking temperature was lower for the
whole pulse than for the dehusked and splits. This may prob-
ably be the reason the absorption of water by the husk over the
grain and consequently filling up the gap between it and the
cotyledon, result in an increase in volume. Nevertheless, the
accessibility of cotyledons in the dhal directly to the moisture
contributed significantly to an increase in the volume than
increase in mass, and hence density was found to fall
distinctively.
The variation in angle of repose for the red lentil whole,
dehusked and split at different soaking temperatures may be
due to variation of dimensional properties with soaking tem-
perature. The variation in the static coefficient of friction of
red lentil grains can be justified, as the soaking temperature
increases water uptake by sample increases resulting in weight
gain. The decrease in values of static coefficient friction for red
lentil seeds (Fig. 2) can be ascribed to leaching of soluble solidsue density of different processed levels of red lentil.
l properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
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6 M. Maneesh Kumar et al.into the water leading to the decrease in the weight gain of
seeds at the elevated soaking temperatures. From these varia-
tions, it was observed that the soaking temperature had a more
significant effect on static coefficient of friction than the testing
material surface. This may be due to the more adhesion
between the seed fractions and the material surface at higher
saturated moisture contents.
3.3. Water absorption kinetics
The effect of soaking time on water gain that is temperature
dependent during soaking of red lentil samples are shown in
Fig. 3a–c. During the initial period of soaking (15–120 min
for whole and dehusked seeds and 5–15 min for splits), the
water gain increased sharply. The rapid initial water uptake
was probably due to the filling of capillaries on the surface
of the seed coats and at the hilum. As the process continued,
water absorption rate steadily decreased due to filling of water
into free capillary and inter micellar spaces (Khazaei et al.,
2009). Excess leaching of soluble solids during the primary
phase of soaking and quick approach to equilibrium moisture
content in splits confined to carry out the hydration process upFigure 2 Effect of soaking temperature on static coefficient of
friction of different materials for red lentil samples.
Please cite this article in press as: Maneesh Kumar, M. et al., Evaluation of physica
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due to reason that water filling reduces the driving force (i.e.
concentration difference between the soaking medium and
legumes). The extraction of soluble solids in the reverse direc-
tion to the water movement offers additional resistance to the
water transfer. The absorption ceased when the legumes
attained the equilibrium moisture content. Previous studies
have also observed a similar trend for the soaking of other split
and whole legumes (Prasad et al., 2010).
3.4. Model fitting
Theoretical models were selected to describe the hydration
kinetics of whole, dehusked and splits using the diffusion equa-
tion for the slab geometry (Eq. (17)). The effective diffusion
was calculated by Eq. (17). The average values of effective
moisture diffusivities (Davg) were calculated by taking arith-
metic mean of the positive values of effective diffusivities
(Dei) at different levels of moisture content in hydration pro-
cess as
Davg ¼
Pn
i¼1Dei
n
ð17Þ
where n is the number of data point used.
The effective diffusion coefficient during soaking of red len-
til samples is shown in Table. 2. Splits were having higher dif-
fusion coefficients than dehusked and whole seeds. Knowledge
of moisture diffusivity is essential, for the design and optimiza-
tion of every process that involve internal moisture movement.
The comparison of effective diffusivity values for red lentil
samples is in agreement with reported (Prasad et al., 2010) dif-
fusivities of several agricultural grains.
Temperature dependency of diffusion process is shown in
Table 2. With the increase in soaking temperature the moisture
diffusion coefficient value increases, altering the rate of diffu-
sion with subsequent changes in water absorption behavior.
The increase in diffusivity with the rise in temperature may
be due to rise in the mobility of ions in soaking water and sam-
ple at the higher temperature. Hydration behavior of the entire
red lentil samples deviates on further increase in temperature
attributed to the internal structure damage and commence-
ment of starch gelatinization.
Temperature is one of the parameters affecting the diffusiv-
ity of food stuff. Water diffusion coefficient as a function of
temperature followed an Arrhenius relationship in Table 2
representing the activation energy Ea (kJ/mol) of red lentil at
different levels of processing.
The higher value indicates greater temperature sensitivity of
diffusion coefficient. This phenomenon suggests much easier
for low activation energy samples to allow water to get into
this seeds. The evaluated Ea for red lentil samples is in the
range of 10.74–12.23 kJ/mol, which is lesser than other seeds.
The higher sensitivity to varied temperature may be due to
the looser cotyledon structure of red lentil samples.
3.5. Validation of empirical models
The validation of the empirical models i.e., Henderson and
Pabis, Peleg model, two-term exponential model was checked
by fitting it to the experimental data. Two-term exponentiall properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
l Sciences (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.004
(a) (b)
(c)
Figure 3 (a) Effect of soaking time and temperature on water gain of whole red lentil (PUSA 4076) seeds. (b) Effect of soaking time and
temperature on water gain of dehusked red lentil (PUSA 4076) seeds. (c) Effect of soaking time and temperature on water gain of split red
lentil (PUSA 4076) seeds.
Table 2 Effective moisture diffusion coefficients (m2/sec) and Activation energy (Ea (kJ/mol) for the red lentil (PUSA 4076) processed
levels.
Temperature 15 C 25 C 35 C 45 C Activation energy R2
Whole 6.890  1011 8.0256  1011 8.866  1011 1.142  1010 12.239 0.957
Dehusked 1.030  1010 1.047  1010 1.263  1010 1.584  1010 11.145 0.884
Split 1.231  109 1.469  109 1.576  109 1.927  109 10.741 0.968
Evaluation of physical properties and hydration kinetics of red lentil 7model was fitted to the experimental data determining statisti-
cal parameters (Table 3) for hydration kinetics of whole,
dehusked and splits at different soaking temperatures. The
resulted water uptake constant (k) and parameter (a) from
the fitting of two-term exponential model, increase signifi-
cantly with soaking temperatures. These model parameters
represent the initial higher water uptake followed by shorter
lag phase and faster approach to equilibrium moisture content
with increment in soaking temperature. Two term exponential
model was not able to satisfactorily predict and explain the
hydration process in red lentil samples as apparent from the
lowest RMSE and Chi-square values. Therefore, Henderson
and Pabis and Peleg models were fitted to the experimental
data for prediction of the hydration process.
The coefficient k evaluated from Henderson and Pabis
model signified as the effective diffusivity, increased with the
soaking temperatures (Bello et al., 2004) for all the samples
studied. Table 3 illustrates the calculated comprehensive statis-Please cite this article in press as: Maneesh Kumar, M. et al., Evaluation of physica
cessed levels and soaking temperatures. Journal of the Saudi Society of Agriculturaltical parameters. The coefficient a found in the Henderson and
Pabis model depends on the shape of the sample (Bello et al.,
2004). The obtained a-values from all the four temperatures
were observed to be not significant. Standard Deviation of
the statistical coefficient (a) of Henderson and Pabis model
for four temperatures of the whole, dehusked and split red len-
til seeds is 0.183, 0.111 and 0.098 respectively. This result cor-
responds to the present study’s assumption that at each
temperature, the size and shape distribution of the samples
used were relatively uniform. Henderson and Pabis model
was found to be ineffective in describing the water uptake
kinetic in red lentil samples owing to higher RMSE, chi-
square and lower R2 values in comparison with Peleg model.
In the Peleg’s model the term (1/K1) is called the initial rate
of absorption. Therefore, the lesser the value of K1 more will
be the water absorption rate and inversely related to tempera-
ture. Initial rate of absorption (1/K1) in each of red lentil sam-
ples increased with soaking temperature (Table 3). Similarl properties and hydration kinetics of red lentil (Lens culinaris) at diﬀerent pro-
Sciences (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.004
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(Ghafoora et al., 2013). In Peleg model, K2 is a capacity con-
stant that is inversely related to maximum water absorption
capacity (1/K2). Moisture absorption capacity decreases with
the increase in soaking temperature. The increase in K2 value
with the soaking temperatures for the red lentil samples indi-
cates the reduced driving force and soluble solid resistance
for moisture migration leading to faster attaining of equilib-
rium moisture.
Higher water absorption capacity (1/K2) for whole seeds
than splits may be due to the reason that depends on the pres-
ence of the seat coat, seed coat thickness and compactness. The
dehusked seeds attained equilibrium moisture content slower
than splits as moisture transfer and seed surface area are inver-
sely related. The seed surface area of red lentil dehusked and
splits is 40.196 and 17.368 mm2 respectively.
The parameters k, a and 1/K1, 1/K2 and a, k for Hendersion
and Pabis, Peleg and Two- term exponential model respec-
tively indicate the higher water absorption rate during prelim-
inary phase and reach equilibrium in shortest time with
elevated temperatures and vice versa with lower temperature.
It also confirms the temperature dependency of water diffusiv-
ity for red lentil samples. Among the three models tested, Peleg
model exhibited secure fit indicated by the highest R2 and low-
est Chi-square and RMSE values. The goodness of fit reveals
the suitability of the Peleg model in describing the hydration
characteristics of the red lentil whole, dehusked and splits fur-
ther confirming the applicability of these models for explaining
the process.
4. Conclusions
The analysis of variance confirms the existence significant dif-
ference among the physical properties of whole, dehusked and
splits red lentil PUSA 4076 variety. The variable effect of tem-
perature and level of processing on soaking and thus on the
physical properties is evident. Hydration of whole, dehusked
and split lentils was rapid during the first phase of soaking
at all temperatures before attaining equilibrium followed by
slower absorption during the second phase. The transforma-
tion between the first and second stage occurred within 45,
30 and 15 min for whole, dehusked and split, respectively.
These soaking times can be helpful during the various food
formulations. Temperature dependent soaking behavior on
bulk density, true density and porosity is also apparent for
all the levels of processing. The water uptake during the initial
phase is diffusion-based, temperature dependent and positive
proportional effect of temperature on average effective diffu-
sivity was found. Peleg model was considered to be best fit
for predicting the hydration kinetics for processed levels of
red lentil. The present work would contribute adequately in
the food processing and engineering area where the present
study determinations would aid in logical designing of equip-
ments for handling, transportation, storage, drying, cooking
and formulation of various food products from red lentil
fractions.
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